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Rear obstacleDriver's workload tends to be increased during driving under complicated trafﬁc environments like lane-
changing operation. In such cases, rear collision warning is effective for reduction of cognitive workload.
On the other hand, it is pointed out that false alarm or missing alarm caused by sensor errors leads to de-
crease of driver trust in the warning system and it can result in low efﬁciency of the system. Suppose that
sensor reliability information is provided in real-time. In this paper, we propose a novel warning method
to increase driver trust in the system even with low sensor reliability by utilizing sensor reliability informa-
tion. We investigate the effectiveness of the warning methods in high and low workload situations by driving
simulator experiments.
© 2011 International Association of Trafﬁc and Safety Sciences. Published by Elsevier Ltd. All rights reserved.Warning
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1.01. Introduction
Active safety technology is recently being installed in a lot of auto-
mobiles. Assisting driver cognition and judgment is effective in reduc-
ing driver workload and, potentially, trafﬁc accidents. Rear Obstacle
Warning Systems (ROWS), for example, have been proposed for
high-cognitive-load situations like changing lanes. Akita et al. have
proposed a new ROWS using the rear-view cameras already in wide-
spread use as parking assist system sensors [1]. It should be noted
that object recognition using warning judgment sensors is generally
imperfect, and can cause both false alarms (FA) and missed alarms
(MA). Such errors might reduce driver trust in the warning system.
Generally, errors are inherent in the sensor used in the system and
are unavoidable. Therefore, some method for maintaining driver
trust in the system is desired.
Previously, the inﬂuence of FA and MA on driver trust in the warn-
ing system has been investigated. For example, Abe et al. investigated
changes to driver trust in FCWS when FA and MA occur, and the inﬂu-
ence on driving behavior [2]. Okuwa et al. investigated the inﬂuence
of an increased false alarm rate on driver cognitive characteristics,
and trust as well as driver dependence has been evaluated using
SDT (Signal Detection Theory) [3]. In addition, theoretical frame-
works are being built concerning the effect of FA and MA on driverulty of Engineering, Kagawa
a, 761-0396, Japan. Tel.: +81
jp (S. Tsutsumi),
-u.ac.jp (S. Doi).
ssociation of Trafﬁc and Safety Scienbehavior and attitude. For example, research studies have investigat-
ed the inﬂuence of FA and MA on compliance and reliance that occurs
as a result of trust [4,5]. The results successfully led to a methodology
to tune the warning system threshold as a countermeasure against
sensor error.
Fortunately, image processing methods can estimate the reliability
of sensor information in detecting rear obstacles. In fact, Akita et al.
have proposed a method to estimate sensor recognition reliability
based on a Bayesian network [1]. This information can reﬂect the
risk factor of sensor errors. On the other hand, Okabe et al. pointed
out the importance of communicating risk information between the0 0
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Fig. 1. Conventional warning threshold value.
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72 S. Tsutsumi et al. / IATSS Research 35 (2012) 71–78automated system and the human in establishing an effective human-
machine system [6]. Based on the concept of risk communication, we
proposed a new warning method to increase driver trust in the sys-
tem even with relatively low-reliability sensors [7]. In this method,
when system reliability is lower, the system provides a “calling for at-
tention” signal rather than a warning, requiring the driver to judge
the risk of collision without the system. It has been shown that this
method successfully increases driver trust even with relatively low-
reliability sensors. However, the method was not able to increase
driver trust under higher workload situations. We then proposed an-
other warning method that displays the warning with no “calling for
attention” signal in situations with high risk of collision [8]. The pro-
posed method was shown to be effective in environments with high
collision risk [8].
In this paper, the effectiveness of the proposed methods is inves-
tigated through experiments using a driving simulator in environ-
mental conditions with various degrees of workload. We then
investigate the relationship between driver workload for each warn-
ing presentation method and by a subjective evaluation of trust and
effectiveness. Furthermore, driving behavior is investigated and its
relationship to the subjective evaluation described.
2. Warning conditions
2.1. Proposed warning method
Previously, Akita et al. have proposed a ROWS that used sensor rec-
ognition reliability, and achieved increased trust [7]. The system pro-
vides a “calling for attention” signal to the driver to reduce FA and
MAwhen sensor recognition reliability is low. This method is referred
to as “SRR method” in the present paper.Warning
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Fig. 3. RISK method warning threshold values.Moreover, we proposed a warning method considering collision
risk and sensor recognition reliability that is referred to as the “RISK
method” [8]. This method can be regarded as a modiﬁed SRR method.
The warning method displays a “warning” signal when collision risk
is high even if sensor recognition reliability is low.
2.2. Warning algorithm used in this experiment
In this paper, we investigate the effectiveness of the “RISK meth-
od” by comparing it with the conventional warning method in high
and low workload situations. Either of these warning methods was
installed as the ROWS. The feature and settings for each warning
are described below. The relative velocity (Vr) and longitudinal gap
distance (D) between the subject vehicle and the approaching obsta-
cle are measured by a sensor. Suppose the probability that a vehicle
exists is provided by sensor measurement results as Rs∈ [0, 1].
Rs=1 means the probability that an approaching vehicle exists is
very high: an approaching vehicle deﬁnitely exists. Conversely,
Rs=0 means the existence probability is very low: there is no
approaching vehicle. A middle Rs value represents a dilemma zone
with the most decision uncertainty. In addition, Time To Collision
(TTC) is given by the following expression:
TTC ¼ D=Vr s½  ð1Þ
Subject vehicles were also equipped with a Forward Collision
Warning System (FCWS) that displays a beep-like sound when the
following condition is satisﬁed:
TTC b 3 or D b 3 ð2Þ
The following section explains the ROWS methods.Fig. 5. Driving simulator overview.
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This algorithm chooses a relatively lower threshold for warning as
a way to reduce missed alarms. This warning system presents warn-
ings even when the probability of vehicle existence is relatively low
(Fig. 1).
For warning
TTC b 3 or D b 3 and Rs > 0:2 ð3Þ
Here we describe how the conventional method works, consider-
ing three points in Fig. 2. Furthermore, Rk is given by the inverse of
TTC. These points represent three situations in which the sensor rec-
ognizes a vehicle.
2.3.1. Point A (Rs=0.9 : TTC=3.3)
Point A indicates a situation with a high Rs value and a vehicle
approaching. Assume that TTC decreases as the vehicle approaches
while Rs remains high value. In this case, a warning is issued when
TTC falls below three seconds.
2.3.2. Point B (Rs=0.1 : TTC=3.3)
Point B indicates a situation with a low Rs value and a vehicle
approaching in the same way as point A. Assume that Rs increases
in time and TTC decreases due to the approach of a vehicle. A warning
is not issued even when the Rs value goes above 0.2.
2.3.3. Point C (Rs=0.45 : TTC=2.5 : no approaching vehicle)
Point C indicates a situation with a medium Rs value and no vehi-
cle approaching. Assume that Rk decreases in time. In the situation, a
warning is presented initially (False Alarm), then disappears.
2.4. RISK (RISK) method
The “RISK method” has three levels of warning status: (1) warn-
ing, (2) calling for attention, and (3) none. These statuses are
intended to be understood by drivers as follows: (1) a warning is is-
sued when there is high risk of collision, (2) a calling for attention
is issued that drivers are expected to judge by themselves due to aNo information Calling for a
Yellow 
Fig. 7. Warning preselack of reliability of sensor information. (3) none means nothing
should be issued. The calling for attention status was introduced to
overcome issues of low sensor reliability in the SRR method (3).
In addition, the RISK method utilizes collision risk as well as sen-
sor reliability information. In this method, “warning” is displayed
when the risk of collision is high even when the reliability of sensor
information is low (Fig. 3).
Warnings and calling for attention are issued when the following
conditions are satisﬁed:
For warning
Wth ≥ 0:3 or D b 3 ð4Þ
For calling for attention
0:3 > Wth ≥ 0:15 ð5Þ
where the warning threshold Wth is deﬁned as Eq. (5).
Wth ¼ Rs=TTC ð6Þ
We now describe how the RISK method works, considering three
points in Fig. 4. These points are the same as for the conventional
warning.
2.4.1. Point A (Rs=0.9 : TTC=3.3)
A calling for attention is issued initially, then a warning is issued
when TTC falls below 3s.
2.4.2. Point B (Rs=0.1 : TTC=3.3)
A calling for attention is issued as the Rk value increases, then a
warning is issued when TTC becomes much smaller.
2.4.3. Point C (Rs=0.45 : TTC=2.5 : no approaching vehicle)
No warning but a calling for attention is issued initially, which can
be regarded as a kind of False Alarm, then disappear as Rs and Rk
decrease.
3. Experimental method
3.1. Experimental setup
A ﬁxed-base driving simulator (DS) was used in the experiments.
An overview of the DS is shown in Fig. 5, while the composition of the
DS is shown in Fig. 6. Three 100-inch screens were used to portray
frontside information. A 22-inch LCD display was arranged to reﬂect
the rearward view in the side-view mirror.
A number was displayed at the left of the front screen, and
updated every 2 s to make it more difﬁcult to focus on rear-view con-
ﬁrmation. That is, the task of reading the number aloud was imposed
on participants during driving so that they were distracted with a
high visual and cognitive workload that prevented them from gazing
in the rear-side mirror.
A speaker was put on the DS and both engine and warning sounds
were presented. Auditory warnings were displayed for FCWS. Thettention Warning
LED Red LED
ntation method.
decelerate
0.6G
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Monitoring (RVM) system. The warning and calling for attention
were displayed by the indicator using red and yellow LEDs embedded
on an A-pillar (Fig. 7).(a) High
(b) Medium
decelerate
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(c) Low
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Fig. 9. Different workload patterns. (a) High (b) Medium (c) Low.3.2. Experimental course and scenario
A straight road with two lanes in each direction was adopted for
the experiments. The ROWS are expected to be effective in major
roads or highways with multiple lanes, therefore such a course was
used in the experiments. Experimental scenarios and locations of
the subject vehicle (SV), the preceding vehicle (PV), the principal
other vehicle (POV), and the observed vehicle (OV) are shown in
Fig. 8. In this experiment, the PV decelerated while followed by the
SV, and the participants were instructed to avoid a collision with
the PV using a lane change maneuver while also avoiding a collision
with the POV. The participants were also instructed to return to the
left trafﬁc lane following the avoidance. At the beginning of the ex-
periment, there were 2 vehicles in front of participants as seen in
Fig. 8-(a). Then participants followed the PV in left lane at 60 km/h
(Fig. 8-(b)). The trailing POV occasionally approached the SV from be-
hind. The position of the OV depended on scenario conditions. In the
risky scenario, the POV approached at 80 km/h from about 22 m be-
hind the SV (Fig. 8-(c)). When PV decelerates, TTC between POV
and SV was approximately 3 s. In the safe scenario, the POV stayed
about 22 m behind (Fig. 8-(d)).
There are three patterns in the risky scenario as illustrated in Fig. 9
(a), (b), and (c) at the time of PV deceleration. The deceleration and
position of the PV were different among patterns while the location
of the POV remained identical. Fig. 9-(a) illustrates the high workload
pattern. The OV follows the PV in front of the SV, covering the brake
lamps of the PV. The PV decelerated at 5.9 m/s2 while followed by
the SV. Fig. 9-(b) illustrates the medium workload pattern. The OV
begins to change to right trafﬁc lane and accelerates away. The PV de-
celerates at 4.9 m/s2 while followed by the SV. Fig. 9-(c) is the low
workload scenario. After the scenario begins, the OV begins changing(a) Car locations at initial condition 
(b) Following condition 
33m22m
free
22m
(c) Risky scenario 
decelerate
deceleratedecelerate
80km/h
(d) Safe scenario  
PV
PV
PV
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Fig. 8. Experimental scenarios. (a) Car locations at initial condition (b) Following con-
dition (c) Risky scenario (d) Safe scenario.to the right trafﬁc lane and accelerates away. The PV decelerates at
2.9 m/s2 while followed by the SV.
3.3. Distribution of Rs and resultant frequency of warning
The distribution of the Rs assigned for scenarios is given in Fig. 10.
The same distribution was used for both CONV and RISK method con-
ditions. This distribution is introduced in order to verify the effective-
ness of warning system methods in the uncertain domain of sensor.
Table 1 shows the resultant frequency of warning presentations
under each warning method, given the distribution of Rs as in
Fig. 10. In the CONV method, there is false alarm because warning
was presented even when sensor reliability was low. In the RISK
method, warning was presented when Rs is high or collision risk
was high while information calling for attention was issued when Rs
or collision risk was low.
3.4. Experimental design and procedure
Twelve male students participated in the experiments. Each was a
licensed driver aged between 21 and 24, and provided informed
consent.
There were two levels in the warning method condition as CONV
and RISK for ROWS. The warning condition was dealt with as a
within-subject experimental factor, that is, all participants experi-
enced both warning conditions. The order of the warning condition
was counter-balanced among the participants.
At ﬁrst the participants drove the DS as practice to get used to
driving it. At that time, they experienced the warning system to un-
derstand how it works. Then the experiment commenced, starting0
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Fig. 10. Distribution of the Rs.
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Table 1
Number of presented warnings.
CONV 3 3 9
RISK 3 3 3
WarningCalling for
attention
6
Calling for attention
warning
Condition
No
warning
Warning
Safe scenario Risky scenario
75S. Tsutsumi et al. / IATSS Research 35 (2012) 71–78from one or the other of the warning methods. The order was
counter-balanced among the participants. For each warning method,
a run in the high workload condition was experienced followed by a
run in the medium condition and a run in the low condition. The
length of the course for each run was about 2 km, taking about
3 min. Each run included 5 events, therefore, there were 15 events
for each warning method.
3.5. Evaluation method
Subjective workload was evaluated using the Japanese version of
the NASA TLX (Task Load Index) [9]. For this experimental evaluation,
Weighted Workload (WWL) Scores were calculated and used.
In addition, participants were asked to rate their trust in, and the
effectiveness of, the each warning method using the Visual Analog
Scale (VAS). For trust, participants answered from 0% (not trustable
at all) to 100% (perfectly trustable), and for effectiveness answered
from 0% (not effective at all) to 100% (perfectly effective).
Moreover, driving behavior was investigated at the same time.
Driving behavior as used in this paper is explained as follows:
3.5.1. THW
THW is THW(Time Head Way) when following the PV. THW is
given by the next expression using Driver's velocity (Vp) and gap dis-
tance (D).
THW ¼ D=Vp ð7Þ
3.5.2. Brake-on TTC
Brake-on TTC is TTCwhen the brake is engaged in the risky scenar-
io. It is necessary to decelerate to avoid a collision in the risky scenar-
io. Therefore, if the driver notices the deceleration of the PV the driver
must be braking. TTCf is TTC calculated in relation to the PV when
stepping on the brake pedal. TTCr is TTC calculated in relation to the
POV.0
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Fig. 11. WWL Results.3.5.3. Lane-change reaction time
Lane-change reaction time is time from when the PV beginning
deceleration to when the steering wheel is operated for lane-
change. This time can be calculated in the safe scenario.
4. Experimental results
4.1. WWL
The results of the NASA-TLXWWL are shown in Fig. 11. WWL was
lower for the RISK method under the high and medium workload
level scenarios, but not under the low workload scenario.
Paired t-tests were conducted for each workload condition. A sig-
niﬁcant difference was found in the WWL-M condition (t(11)=
2.334, pb0.05) while no signiﬁcance was found for the WWL-H
(p=0.189) and WWL-L (p=0.423) conditions.
4.2. Trust
The participant average for trust in the system is shown in Fig. 12.
Subjective trust improves with the RISK method relative to the CONV
method in all cases, even though the system uses the same sensors.
Paired t-tests were conducted for each workload condition. No
signiﬁcant difference was found for the Trust-H (p=0.453), Trust-M
(p=0.211), or Trust-L (p=0.117) conditions.
4.3. Effectiveness
The participant average for effectiveness is shown in Fig. 13. Effec-
tiveness results were higher under the RISK method than under the
CONV method for high and low workload level scenarios.0
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niﬁcant difference was found for the Effectiveness-H (p=0.188),
Effectiveness-M (p=0.159), or Effectiveness-L (p=0.312) conditions.
As a result, signiﬁcant differences were not found for most
evaluations.4.4. Effect of subjective workload on evaluation of warning
The average subjective evaluation under the RISK method was
higher than under the CONV method. However, no statistical signiﬁ-
cance was found. Thus we assume that subjective evaluation of trust
and effectiveness was varied among participants. In fact, the evalua-
tion of trust increased under the RISK method in 23 of 36 total
cases. Therefore, we investigated the relationship between subjective
workload and evaluation for warning.0
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Fig. 16. Group-H. (a) TruWe hypothesized that the difference between participants was
one of workload sensitivity. Therefore, participants were divided
into three groups by averaged WWL scores. Namely, the participants'
average WWL (WWL_ave) was calculated from the WWLs from six
trials. Then participants were classiﬁed into one of the three groups
according to the obtained WWL_ave, as follows:
Group-L (WWL_aveb33.3)
One participant was classiﬁed into this Group.
Group-M (33.3bWWL_aveb66.6)
Six participants were classiﬁed into this Group.
Group-H (66.6bWWL_ave)
Five participants were classiﬁed into this Group.
Fig. 14 illustrates the relationship between WWL at each trial and
the subjective evaluation of trust for Group-L. We think this group0 20 40 60 80 100
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77S. Tsutsumi et al. / IATSS Research 35 (2012) 71–78understood that the warning system is not so necessary for the partic-
ipant. But the results for Group-L were not analyzed in detail here be-
cause only one participant was assigned to this group.
Fig. 15 illustrates the relationship between WWL at each trial and
the subjective evaluation of trust and effectiveness for Group-M.
The evaluation of trust and effectiveness under the RISK method
seems to be on the left of that under the CONV method. It is thought
that the RISK method could reduce workload and improve subjective
evaluation.
A paired t-test of WWL revealed that signiﬁcant difference in
warning method condition (t(17)=2.593, pb0.05), the workload
under the RISK method was smaller than that under the CONV meth-
od. The paired t-test of subjective trust also showed that trust under
the RISK method was signiﬁcantly higher than under the CONVmeth-
od (t(17)=3.596, pb0.005). The paired t-test of subjective effective-
ness also showed that effectiveness under the RISK method was
signiﬁcantly better than under the CONV method (t(17)=2.287,
pb0.05). From this result, it is thought that warning acts effectively
in the RISK method.
Fig. 16 illustrates the relationship between WWL at each trial and
the subjective evaluation of trust for Group-H.
The evaluation under the RISK method seems to be to the right of
that under the CONV method. It is thought that the workload from
driving environment and warning system was high, and therefore
tended toward overload. So in this experiment, participants in this
group may ﬁnd it hard to drive while evaluating warnings. The paired
t-tests for WWL, trust, and effectiveness showed no signiﬁcant differ-
ences in warning method condition.
4.5. Differences in driving behaviors
4.5.1. THW
The average of THW is shown in Fig. 17. There was no signiﬁcant
difference in comparing each method. Paired t-tests were conducted
for the warning conditions. No signiﬁcance was found in THW
(p=0.234).
4.5.2. Brake-on TTC
The distributions of TTCf when the brakes are engaged are shown
in Fig. 18. Larger variation was found under the CONV method than0
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Fig. 18. Brake-on TTCf.under the RISK method for TTCf. The distributions of TTCr are shown
in Fig. 19. There was no signiﬁcant difference found for TTCr.
4.5.3. Lane-change reaction time
The distributions of lane-change reaction time are shown in
Fig. 20. There was no difference by warning condition.
4.6. Relationship between subjective evaluation and driving behaviors
As shown in Section 4.5. for many items no difference in driver be-
haviors was observed. It is thought that these results demonstrate
that driving behavior doesn't change even when subjective evalua-
tion changes. In other words, differences in driver evaluation can
occur even when there is no difference in driving behavior. Therefore,
it is important to consider both subjective evaluations and actual
driving behavior when designing warning system.
5. Conclusion
We investigated the effectiveness of the ROWS by changing the
display method under different workload situations. The effective-
ness of the methods was evaluated through experiments using a DS.
As the results, participant trust was signiﬁcantly improved under
the proposed method where the WWL was in middle level. This sug-
gests that the proposed warning method is effective where the trafﬁc
situation workload that the driver feels is in the middle range. Fur-
thermore, it was found that subjective evaluation varied by subjective
workload WWL. This suggests that it is necessary to consider the
amount of workload when designing warnings. On the other hand,
there was no signiﬁcant difference in driving behaviors. It is therefore
important that the design consider both subjective evaluation and
driving behavior.
In future research, the relationship between workload and warn-
ing should be further clariﬁed to enable derivation of a warning
method that is effective under low and high workload conditions.0
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Fig. 20. Lane-change reaction time.
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